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A B S T R A C T   

Extensive oil palm plantations have often resulted in the decrease of soil organic carbon (SOC). Several options 
exist to counter this, such as recycling empty fruit bunches (EFB) as a soil amendment. However, the extent to 
which EFB increase SOC has been disputed. Since EFB could also be used as a climate change mitigation tool, it is 
necessary to truly understand their impact on SOC. The investigation of the impact of nine EFB treatments 
(differing in frequency and application rates) on a 27-year-old large-scale experiment (Lampung, Sumatra, 
Indonesia) revealed that, while EFB impacts are heterogeneous throughout the plantation, they can positively 
affect total SOC and permanganate oxidisable carbon (POX-C) both at shallow and deep depths (measured up to 
100 cm). POX-C was closely correlated to SOC, but showed significant increases compared to the untreated 
control in all treatments, while total SOC was only increased in a few treatments with small and frequent rates of 
EFB application. Overall, between 12 (±16) and 56 (±12) t ha− 1 of carbon were sequestered under the har-
vesting path after 21 years. Focussing on the mineral nutrition value of the EFB, oil palm companies apply a rate 
of 60 t of EFB every second year for their commercial production, and the analysis of three commercial plots 
showed that the commercial rate only increased POX-C while it had no effect on the total SOC and SOC stocks. It 
seems obvious that a change of paradigm is necessary to consider EFB recycling as a new management 
perspective, where the potential for carbon sequestration becomes an important variable for climate change 
mitigation besides the initial objective of integrating EFB application into the fertiliser management plan of a 
plantation.   

1. Introduction 

Palm oil is extracted from the fruit of oil palms (Elaeis guineensis 
Jacq.) and is a worldwide economically important commodity (Tao 
et al., 2017). Together, Malaysia and Indonesia provide 86.5% of the 57 
million t global palm oil production (FAO, 2019). In the course of a 
decade (2003–2014), Indonesia doubled its area dedicated to oil palms 
on the islands of Sumatra and Kalimantan (FAO, 2019; Khatiwada et al., 
2018; Petrenko et al., 2016). The International Union for Conservation 
of Nature (IUCN) estimated that approximately 50% of the area planted 
with oil palm between 1972 and 2015 expanded into forested lands 
(Meijaard et al., 2018), inducing large environmental impacts, such as 

greenhouse gas emissions, loss of biodiversity and decreasing soil carbon 
stocks with negative impacts on soil quality (Campbell and Doswald, 
2009; Obidzinski et al., 2012; Petrenko et al., 2016). The latter may be a 
consequence of decreased inputs and/or increased soil organic matter 
(SOM) decomposition due to soil disturbance (Guillaume et al., 2015). 

In order to restore and maintain soil health, including the restoration 
of the soil carbon pool, and to improve oil palm nutrition, several op-
tions are already known and often implemented. These include the 
growing of leguminous green manure at the beginning of the growth 
cycle of the palm, reducing and selecting chemical herbicide applica-
tions to maintain an understory between the palms as well as recycling 
organic residues, such as empty fruit bunches (EFB) or palm oil mill 
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effluent (Carron et al., 2016). EFB are usually applied in oil palm 
plantations as a substitute for inorganic fertilisers or as an organic soil 
amendment. They are the structural part of the fruit bunches, which 
have been emptied of the fruits that are used for oil extraction (Tao et al., 
2017). A few decades ago, they were traditionally incinerated, but, 
because of the associated air pollution and greenhouse gas emissions, 
they are nowadays recycled and directly applied on the plantation as a 
mulch substrate in order to valorise their nutrient content (Rosenani 
et al., 2011, 2016; Tao et al., 2017). Mulching with EFB is known to 
improve the physical and chemical properties of the soil, to provide 
plant nutrients and to enhance the yield of the palms (Carron et al., 
2015; Comte et al., 2013; Rosenani et al., 2011, 2016; Tao et al., 2017). 
However, since oil palm plantations are often divided into different 
management zones, there is a large spatial variation in organic matter 
input (Rahman et al., 2018). In addition, the effects of EFB application 
are reported to vary with application rates and duration (Carron et al., 
2016; Comte et al., 2013; Rosenani et al., 2011). Furthermore, reports 
on the potential of EFB to sequester soil carbon are inconsistent. Some 
studies report an increase in SOC after EFB application to soil, either 
localised (Carron et al., 2015) or on a plantation scale (Comte et al., 
2013). When different soil depths were sampled, the increase was either 
reported to be restricted to the top soil layer (Rosenani et al., 2016) or 
was also found in deeper layers (Rosenani et al., 2011; Tao et al., 2017). 
In other studies, no increase in soil carbon was observed after EFB 
application (Carron et al., 2016). Tao et al. (2018) even demonstrated 
that SOC decreased when high rates of EFB (90 t ha− 1) were applied. 

The objectives of this study were therefore to investigate the spatial 
heterogeneity of the long-term impact of EFB on soil carbon content by 
investigating both the total SOC pool and the more labile permanganate 
oxidisable carbon (POX-C). The latter allows to quickly assess a labile 
carbon pool, and has been claimed to be a sensitive indicator of the 
impact of different management techniques on soil carbon (Bruun et al., 
2013; Culman et al., 2012; Hurisso et al., 2016; Weil et al., 2003). Soil 
was sampled in a long-term experiment in an industrial oil palm plan-
tation in Lampung, Sumatra. The trial was originally designed in the late 
nineties to determine the most appropriate EFB application conditions, 
in terms of rate and frequency of application, for a complete integration 
of EFB recycling into the fertiliser plan of the plantation. While the 
agronomic aspect of the waste recycling was the main objective at that 
time, the long-term treatments now provided a unique opportunity for a 
first evaluation of the capacity of carbon storage in the soil of South 
Sumatra. The study was then also extended to a commercial area with 
and without EFB application. 

2. Material and methods 

2.1. Site description 

The estate of Sungai Buaya (SBYE) is located in the province of 
Lampung on the island of Sumatra, Indonesia. The climate is classified as 
a tropical humid climate (Tao et al., 2017). The dry season usually ex-
tends from July to September (exceptionally from June to November 
under severe El Niño conditions), while the rainy season usually lasts 
from November to May. 

2.2. Long-term experiment 

Before the area was developed into an oil palm plantation, it was 
covered by a secondary tropical forest. The palms (of Marihat genetic 
origin) were planted in 1992 with a density of 143 palms per hectare. 
Until the start of EFB application in January 1999, inorganic fertiliser 
(NPK) was applied both during the immature (<4 years old) and mature 
(>4 years old) stage of the palms. Oil palms are grown until they reach 
the age of approximately 25 years. The trial comprised 12 treatments, i. 
e. 9 EFB treatment plots and 3 control plots (100% inorganic fertiliser) 
with five replicates per treatment, adding up to 60 plots with 30 palms 

each. Each replicate was surrounded by an isolating trench to reduce the 
poaching effect between plots, which initially measured 1.5 m in depth 
when the trial was set up in 1999. EFB treatments consisted of three 
application rates (fresh weight): 30 t ha− 1 (210 kg/palm) (low rate), 60 
t ha− 1 (420kg/palm) (normal rate) and 90 t ha− 1 (630kg/palm) (high 
rate). These were combined with three application frequencies: once per 
year (last applied in 2019), once every second year (last applied in 2019) 
and once every third year (last applied in 2017). Each application was 
performed in the same season between May and June. 

Thus, throughout the trial, between the first application in 1999 and 
the last one in 2019, there had been 21, 11 and 7 applications of EFB 
with a frequency of application of every year, every second year and 
every third year respectively. In the following, treatments will be 
abbreviated as e.g. “30t/2 years” for an application of 30t EFB ha− 1 

every second year. In the years between EFB applications, urea was 
applied with a quantity increasing with the EFB application rate in order 
to obtain a comparable nitrogen input every year for each application 
rate (Table 1). When EFB were applied, triple superphosphate or rock 
phosphate was spread on top of it to balance the nutrient availability in 
line with the requirement of the palms. The three control plots per 
replica received inorganic fertiliser instead of EFB, applied twice a year. 
The nutrient additions with the different treatments can be seen in 
Table 1. 

The EFB were applied on each side of the harvesting paths, which are 
located on every second row of the plantation (Fig. 1). Fronds were cut 
down every week during harvesting time and one half was left on the 
other rows (wind-rows) of the plantation while the other half was piled 
between every two palms. At the foot of the palm, a weeded bare ground 
circle (WC) (with a radius of approximately 1.5 m) was left free to ease 
the collection of the fruits. The herbicides applied within the circle and 
on the harvesting paths were Roundup (glyphosate) and Ekafuron 
(Metsulfuron-methyl). They were applied four times a year. 

2.3. Commercial area 

Under commercial conditions, four blocks (including one control 
block) south of the trial area were sampled. The area had been covered 
by a secondary tropical forest until it was transformed into a palm oil 
plantation in the early 1990’s. EFB applications at a rate of 60t/2 years 
started on these blocks more than 20 years ago. The application 
consistently alternated between the left and right side of the harvesting 
path. The last EFB application before sampling was in May–June 2019 
and the sampling of commercial plots was performed in February–April 
2020. The application of mineral fertilisers was adapted according to 
yearly foliar analyses. 

2.4. Soil sampling 

Three replicates (replicates I, III and V) were sampled to cover the 
soil heterogeneity of the long-term experiment. The soil in the plantation 
is classified as Ultisol (Typic Kandiudults) with an average pH of 3.9 
(measured in the untreated control plots at a depth of 0–25 cm using 1 M 
KCl and a 1:2.5 soil:solution ratio). Overall, replicate I had a more sandy 
clay texture (51% sand, 8% silt, 40% clay) while replicates III and V had 
a higher clay content (26% sand, 18% silt, 56% clay and 33% sand, 13% 
silt, 54% clay respectively). Per replicate, all treatment plots and one of 
the three control plots were sampled. On each trial plot, one palm was 
chosen in the second row and the second column in the north-western 
part of the plot. In the commercial plots, three blocks receiving EFB 
were chosen, i.e. 9 palms distributed among 5 rows were sampled. One 
control block (without EFB application) was chosen for the commercial 
samples and 5 palms were sampled among three rows. 

Under both the trial and commercial conditions, the three sites for 
soil sampling were: under the EFB (centre of the application, hereafter 
referred to as the harvesting path), under the fronds (centre of the 
application) and within the WC (1 m away from the palm) (Fig. 1). It is 
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worth noting that, since EFB were applied on both sides of the harvesting 
path of the commercial blocks, both sides were sampled and analysed. 

Samples were taken at different depths based on observations made 
on a 1 m-depth soil profile established in SBYE under the EFB location 
close to a palm that received 60t/3 years (last application in May 2018). 
The soil samples included 2 layers with very clear visual colour differ-
ence, i.e.: 0–10 cm and 10–25 cm. Two additional layers (25–55 and 
55–100 cm) were chosen in order to capture the potential variation 
within the 25–100 cm layer, which looked homogeneous. Volume- 
specific soil samples were taken for the bulk density (BD) determina-
tion. The additional samples were composite samples of 3 subsamples, 
which were taken from the centre of the soil layers. 

2.5. Soil analysis 

After sampling, the samples were air-dried for 3–5 days. Each soil 
sample was sieved to 0.5 mm. The total SOC was determined by the 
Walkley-Black method (Nelson and Sommers, 1982). The SOC stocks 
were calculated following the equivalent soil mass (ESM) method using 
the spreadsheet developed by Wendt (2012). Reference soil masses of 
1200t, 3000t, 7000t, and 12000t ha− 1 were chosen, as they best rep-
resented the layers sampled (Wendt and Hauser, 2013). The calculations 
were based on the BD of the different soil layers as well as the SOC 
concentration measured using the Walkley-Black method. 

The analysis of POX-C was performed based on the protocol of Weil 
et al. (2003) which was modified by Culman et al. (2012). Briefly, 2 mL 
of 0.02 M KMnO4 and 18 mL of deionised water were added into 50 mL 
Erlenmeyer flasks containing 2.5 g of air-dried soil. The tubes were 
shaken for 2 min precisely at 120 rpm on an oscillating shaker. The soil 
was left to settle for 10 min and 0.5 mL of the supernatant were trans-
ferred into another 50 mL tube and mixed with 49.5 mL of deionised 
water. The sample absorbance was read using a Cary 50 (Agilent) and 
software version 3.00 (182). 

2.6. Statistical analysis 

Statistical analyses were conducted using R 4.0.5. The impacts of EFB 
application were assessed using a linear mixed model (LMM) with fixed 
effects of Treatment, Depth, Location and all their interactions as well as 
the factor Block in interaction with Depth and Location (two-factor in-
teractions) and random effects of the variables Plant (combination of 
Treatment and Block) and Sample (combination of Treatment, Location 
and Block). For the commercial plots, both the POX-C and total SOC 
content of the two application sites on each side of the harvesting path 
were averaged and averages were analysed using LMMs with fixed ef-
fects of Block, Depth and Location and their interactions, as well as 
random effects of Plant and Sample. For the subsample from the har-
vesting path in the long-term experiment, LMMs with fixed effect of 

Table 1 
Nutrient addition to the different treatments.  

Treatment EFB 
addition 

EFB applied 
per palm 

N added 
with EFBa 

N in inorganic fertiliser 
(added in years without EFB 
application) 

Average total N 
addition (year) 

P added 
with EFBa 

P in inorganic 
fertiliser (added on 
top of EFB) 

Average total P 
addition (year) 

Average total K 
addition 
(year)a,b 

t FW/ha Kg DW 
palm− 1 

g palm− 1 

30/year 73.5 588 n/a 588 72 450 522 1514 
30/2 years 73.5 588 288 438 72 450 261 757 
30/3 years 73.5 588 288 388 72 450 174 505 
60/year 147 1176 n/a 1176 144 450 594 3028 
60/2 years 147 1176 575 876 144 450 297 1514 
60/3 years 147 1176 575 775 144 450 198 1009 
90/year 220.5 1764 n/a 1764 216 450 666 4542 
90/2 years 220.5 1764 863 1745 216 450 333 2271 
90/3 years 220.5 1764 863 1163 216 450 222 1514 
Control n/a n/a n/a 920 n/a 109 109 1033  

a Calculations were based on an average content of N: 0.8%, P: 0.098%, K: 2.06% DW EFB (Sinarmas, unpublished data). 
b In the EFB treatments, K addition was exclusively from EFB, while in the control treatment, only mineral K was added. 

Fig. 1. Sampling locations.  
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Treatment, Depth and Block as well as Treatment*Depth and Block*-
Depth interactions and random effect of Sample were furthermore 
realised for total SOC and POX-C. The SOC stocks were analysed using a 
Two-Way ANOVA with effect of Treatment and Block under trial con-
ditions and by a One-Way ANOVA with effect of Block under commercial 
conditions. Effects were assessed using marginal means (emmeans) and 
all treatments were compared to the control using Dunnett’s adjustment 
of p-values. The level of significance was set at 0.05. All data were 
checked for normality and homogeneity of variance and, if needed, log 
transformed. In order to distinguish between the trial and commercial 
data, they are hereafter referred to as “TR” and “COM” respectively. 

3. Results 

3.1. Effects of EFB applications on the different carbon pools under trial 
conditions 

Both total SOCTR and POX-CTR and total SOCCOM and POX-CCOM were 
significantly linearly correlated (R2 = 0.80 and R2 = 0.93 respectively, 
Fig. 2). On average, the POX-CTR values represented 3.5% of the total 
SOCTR and POX-CCOM represented 2.9% of the total SOCCOM. 

Total SOCTR and POX-CTR were significantly affected by depth, 
location and treatment, but there were no significant interactions be-
tween the factors. Under the trial conditions, both the total SOCTR and 
POX-CTR values significantly decreased with depth and so did the dif-
ference between the layers (Figs. 3 and 4). Total SOCTR across all 
treatments and depths was increased compared to the control in all 
treatments, but differences were only significant for treatments 30 t/ 
year, 30t/3 years and 60 t/year. POX-C was significantly increased in all 
EFB treatments (Fig. 3, A + B). The total SOCTR and POX-CTR concen-
trations were significantly higher under the harvesting path than under 
the WC (22.0% and 23.3% respectively) and the fronds (18.8% and 
17.2% respectively) (Fig. 4). Under the harvesting path, differences 
between total SOCTR concentrations were very similar to those over all 
locations and again only significantly increased for treatments 30 t/ 
year, 30t/3 years and 60 t/year, probably because differences were most 
pronounced in the upper soil layer (Fig. 3 C). Generally, lower appli-
cation rates seemed to increase total SOCTR to a larger extent than higher 
application rates, which sometimes led to SOC concentrations below 
that of the control, especially at lower depths. There was no overall 
significant treatment effect for POX-CTR under the harvesting path (p =
0.06). However, in contrast to total SOCTR and POX-CTR over all loca-
tions, differences were visible in the deeper soil layers under the har-
vesting path (Fig. 3 D). Especially in the soil top layer under the 
harvesting path, the ratio of POX-CTR to SOCTR was generally higher in 

the treatments receiving 90t EFB compared to the ones that received 60t 
or 30t. In the deeper soil layers, the treatments had relatively more POX- 
C when EFB had been added every year or every second year compared 
to an addition only every third year. 

In line with the results of the SOC concentrations, the EFB treatments 
30 t/year, 30t/3 years and 60 t/year had SOCTR stocks that were 
significantly higher than the control (Table 2). The significance of the 
30t/3 years’ treatment was probably due to the extraordinarily high 
total SOCTR content measured in the 0–10 cm layer in this treatment 
(Fig. 4). The two treatments 30 t/year and 60 t/year sequestered a 
significant amount of carbon under the harvesting path, i.e. more than 
50 t ha− 1 corresponding to more than 2 t ha− 1 year− 1 (Table 3). Rela-
tively, i.e. comparing the carbon stocks to 100 cm depth with the total 
input over the last 21 years, the highest sequestration rates were 
observed in all treatments applying 30t and in the treatment 60t/3 
years. Sequestration rates ranged between 40% and 50% in those 
treatments, with the exception of 30t/3 years, where the SOCTR stocks 
present in 2019 were higher than the amount added throughout the 
trial. However, as already mentioned, the total SOCTR concentration 
measured in the topsoil layer was, especially in one of the replicates, 
exceptionally high in this treatment. The lowest absolute and relative 
sequestration rates were observed in the treatments applying 90t. The 
relative sequestration was highest after application every third year for 
the 90t treatments, which was a trend that was also observed for the 30t 
and 60t treatments. 

3.2. Effects of EFB application on the different carbon pools under 
commercial conditions 

Under commercial conditions, the location did not impact total 
SOCCOM or POX-CCOM. Therefore, Fig. 5 only represents the results under 
the harvesting path. Total SOCCOM was only affected by the depths, i.e. 
total SOCCOM decreased with increasing soil depth. POX-CCOM was 
similarly affected by the depths, but also significantly (71%) higher 
under EFB application than in the control conditions (over all depths). 
No impacts were observed of EFB application on the SOCCOM stocks 
under the harvesting path (Fig. 6). 

4. Discussion 

4.1. The spatial heterogeneity of the impact of EFB application 

No interaction was found between the locations and treatments for 
POX-CTR and total SOCTR, showing that the treatments affected the 
carbon content in all locations in a similar way. However, under the trial 
conditions, the soil consistently had significantly higher total SOCTR and 
POX-CTR concentrations under the harvesting path than under the WC 
and under the fronds. The fact that under the commercial conditions no 
similar claim could be made may be due to the lower precision of EFB 
application under commercial settings. Under the trial conditions, the 
EFB are carefully weighed, while on commercial plots they are applied 
using an empty bunch spreader, which impedes a regular distribution on 
the ground due to the variability of the EFB size. 

The impacts of EFB have been shown to differently impact different 
locations within plantations in various studies. Carron et al. (2016), who 
investigated the heterogeneity of the impacts of EFB application on soil 
quality, did not see an effect of EFB application. The fact that EFB did not 
increase soil carbon could be due to the duration of the application. 
Indeed, in their study, the EFB had been applied for only 11 years, which 
is half as long as the application time in this study. Tao et al. (2016) 
concluded that the regular addition of EFB to the harvesting path was 
taking the SOC concentration to a similar level as in the place where the 
fronds were piled (pruned fronds piled in that area represented a volume 
of 5 to 13t of dry biomass per year). This is not in accordance with the 
present study, which points towards a spatial heterogeneity – at least 
under trial conditions – of the total SOCTR and POX-CTR concentrations. 

Fig. 2. The relationship between POX-C and total SOC under trial and com-
mercial conditions. 
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Fig. 3. Total SOCTR (A, C) and POX-CTR (B, D) over all locations (A, B) and under the harvesting path (C, D) for all treatments at the four sampled depths. Error bars 
represent standard errors. 

Fig. 4. Comparison of SOCTR (A) and POX-CTR (B) under the sampling locations at different depths over all treatments. Error bars represent standard errors.  
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This has often been indicated by researchers as a characteristic of oil 
palm plantations (Carron et al., 2016; Frazão et al., 2013; Khasanah 
et al., 2015; Rahman et al., 2018). In addition, the trial area was origi-
nally rather heterogeneous, which may still affect the results of the 
present study. 

4.2. Effects of different EFB treatments on soil carbon 

Under experimental conditions 21 years after the first application, 
the total SOCTR concentrations were increased in all EFB treatments 
compared to the control, although this effect was only significant for the 
treatments 30t and 60 t/year and 30t/3 years. In contrast, all treatments 
receiving EFB inputs had a significantly increased POX-CTR concentra-
tion. The most efficient treatments (30t and 60 t/year) resulted in an 
increase of carbon stocks by 61% compared to the control. It is, though, 
important to keep in mind, that the carbon stocks are extrapolations 
from one location and that soil sampled under the harvesting path does 
not truly represent the quantity of carbon per hectare in the plantation. 

While the analysis of POX-CCOM shows that the EFB treatment of 60 
t/2 years significantly increased this distinct soil carbon pool, no in-
crease of total SOCCOM was observed. Consequently, there was no sig-
nificant impact of commercial EFB application on SOCCOM stocks either. 
This result supports the analysis of the trial data, which also showed that 
a rate of 60t/2 years did not significantly increase carbon stocks 
compared to the controls. However, in the commercial plots the 60t 
were applied alternately on each side of the harvesting path, while under 
the trial conditions the EFB were evenly distributed. Generally, a more 
irregular EFB application is typical under commercial conditions, which 
reduces the measurable impact of EFB on soil carbon (Comte et al., 
2013). 

Several studies have investigated the long-term effect of different 
rates of EFB application on soil characteristics such as total SOC. The 
study by Tao et al. (2017) and Rosenani et al. (2011) reported an impact 
of EFB application on the total SOC both on the topsoil (0–20 cm) and on 
deeper layers (20–100 cm). After short-term application, several studies 
showed that the addition of EFB did not increase the total SOC (Carron 
et al., 2016). Carron et al. (2015) suggested that EFB will impact total 
SOC only after 18–24 months of application. This study’s results support 
the data from Tao et al. (2017), as we found only slightly higher SOC 
concentrations, which could probably be explained by the difference in 
length of EFB application. In this study, EFB had been applied for 6 
additional years compared to the study by Tao et al. (2017). Thus, it is 
important to consider both the length of EFB application and the sam-
pling depth when investigating and comparing studies that have looked 
at the impact of EFB application on soil carbon (Carron et al., 2015; 
Gross et al., 2018; Rahman et al., 2018; Wendt and Hauser, 2013). 

POX-C has been found to represent a comparatively labile, but pro-
cessed C pool in soil (Culman et al., 2012) available for soil microbial 
processes and an increased POX-C value has been associated with 
long-term carbon sequestration (Culman et al., 2012, 2013; Hurisso 
et al., 2016). Accordingly, POX-CTR and POX-CCOM were increased in all 
treatments that had received EFB inputs in our study. POX-C has often 
been reported to be a sensitive indictor of organic matter input (Liang 
et al., 2012; Bongiorno et al., 2019) and a relative enrichment of POX-C 
in treatments receiving high rates or frequent/recent applications was 
also observed in our study. Tirol-Padre and Ladha (2004) investigated 
the reactivity of organic compounds with KMnO4 and found it to be a 
good indicator of lignin content, which could also be the reason for the 
relatively higher POX-C contents in the treatments receiving high 
amounts of EFB. 

However, while the EFB treatments of 30t and 60 t/year could 
sequester a significant amount of carbon in the trial, the treatment of 90 
t/year sequestered the lowest amount of carbon added, i.e. around 4% 
(Table 3). The relative carbon sequestration related to the input was also 
highest in treatments receiving comparatively low amounts of carbon 
(Table 3). These findings are corroborated by the study by Tao et al. 
(2017), who also found the highest SOC levels with low or medium EFB 
application rates. A possible explanation for this phenomenon could be a 
positive priming effect, i.e. the acceleration of SOM mineralisation after 
the addition of new easily degradable organic material (Luo et al., 
2018). Shahbaz et al. (2017) concluded that priming effects increase 
with the quantity of residue added, rather than its quality. Therefore, 
even if EFB are composed of 15–20% lignin (Rosenani et al., 2016), the 
repetition of large residue addition could trigger a positive priming ef-
fect (Hamer and Marschner, 2005). Furthermore, the steam treatment of 
EFB before field application (Rosenani et al., 2011) is believed to in-
crease their decomposability. This would at least partly explain the low 
rate of carbon sequestration visible under the highest frequency of EFB 
application (i.e. 90 t/year). However, the magnitude of SOC loss that 

Table 2 
Comparison of the SOC stocks (based on ESM) for the different treatments under 
the harvesting path.  

Treatment SOC stock t ha− 1 (based on ESM) Soil depth (cm)a  

0–10 10–25 25–55 55–100 0–100 

30 t/year 38 (2.7) 24 (7.4) 41 (7.5) 32 (3.1) 135 (15)b 

30t/2 years 46 (13) 15 (6.3) 31 (2.4) 15 (0.8) 107 (9) 
30t/3 years 51 (7.5) 23 (13.4) 36 (2.5) 28 (8.4) 137 (11)b 

60 t/year 45 (11) 26 (2.9) 39 (11.4) 29 (3.4) 140 (12)b 

60t/2 years 47 (21) 10 (4.9) 27 (3.1) 28 (1.2) 111 (19) 
60t/3 years 38 (4.4) 29 (11.4) 29 (4.0) 24 (2.7) 119 (6) 
90 t/year 25 (3.7) 17 (0.8) 27 (4.1) 29 (0.8) 98 (1) 
90t/2 years 35 (4.3) 17 (3.6) 22 (6) 23 (5.1) 96 (16) 
90t/3 years 31 (4.1) 18 (5.5) 29 (2.5) 28 (7.8) 107 (10) 
Control 20 (2.1) 19 (8.3) 26 (12.5) 20 (2.8) 84 (24)  

a Reference soil masses were 1200 (0–10 cm), 3000 (10–25 cm), 7000 (25–55) 
cm and 12000 (55–100 cm) t ha− 1 respectively. 

b = significantly different from the control treatment. Numbers in parentheses 
represent standard errors. 

Table 3 
Total input and carbon sequestered in the different EFB treatments (to a depth of 100 cm) under the harvesting path at trial conditions.  

Treatment Total C input (t ha− 1)a Carbon sequestered (t C ha− 1)a,b Annually sequestered amount (t C ha− 1 y− 1)c C sequestered of total C input (%) 

30 t/year 108 51 (±14) 2.4 (±0.7) 47 (±13) 
30t/2 years 57 23 (±9) 1.1 (±0.4) 41 (±16) 
30t/3 years 36 53 (±11) 2.5 (±0.5) 147 (±31) 
60 t/year 216 56 (±12) 2.7 (±0.6) 26 (±6) 
60t/2 years 113 27 (±19) 1.3 (±0.9) 24 (±17) 
60t/3 years 72 35 (±6) 1.7 (±0.3) 49 (±8) 
90 t/year 324 14 (±1) 0.7 (±0.0) 4 (±0) 
90t/2 years 170 12 (±16) 0.6 (±0.8) 7 (±10) 
90t/3 years 108 23 (±10) 1.1 (±0.5) 21 (±9)  

a The total amount of carbon added in the different EFB treatments throughout the trial period was calculated with a total carbon content of 49% (dry weight) 
(SMART RI, unpublished data). 

b t C in EFB treatment – t C in control treatment. The carbon stocks were measured using the ESM method. 
c The data presented are the extrapolation of the carbon stocks present under the harvesting path. Numbers in parentheses represent standard errors. 
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would be necessary to explain the observed effects seems rather un-
likely. Another explanation could be a decreased carbon use efficiency at 
high application rates that was observed e.g. by Fang et al. (2018) after a 
high input of wheat residues and that could possibly be attributed to 
insufficient nutrient supply to the decomposer community. 

The analysis of the trial conditions clearly shows that EFB applica-
tion also impacts soil carbon at lower depths (at least up to 100 cm, the 
maximum depth sampled in our study), which has been shown by other 
studies (Rosenani et al., 2011). In accordance with Rosenani et al. 
(2011), this study shows that the increase of both total SOCTR and 
POX-CTR values decreases with depth. The decrease of the POX-C con-
centration is solely based on the decrease in the size of the carbon pool, 
as the sensitivity of the POX-C is not affected by depth, meaning that the 
indicator can also be useful at lower depths (Culman et al., 2012). 
However, the proportion of POX-C in total SOC increased with depth in 

some of the treatments, especially those with frequent application rates 
under the harvesting path. This is in contrast to other studies observing a 
decrease of the proportion of labile C pools with increasing depths (Yang 
et al., 2009). However, also Goodrick et al. (2015) observed a high 
incorporation of organic matter from pruned fronds to greater soil 
depths and attributed the observation to a high activity of soil fauna in 
oil palm plantations. 

4.3. Management implications 

The initial objective of the trial set up in 1999 was to contribute to 
the development of an operational policy for the integration of EFB 
recycling into the fertilisation plan of plantations i.e. EFB applications as 
a substitute for inorganic fertilisers. However, the results of our study 
indicate a considerable C sequestration potential, especially when 
smaller rates of 30t or 60t are applied frequently (Table 3). Each hectare 
of mature oil palm will produce around 5 to 8 t of EFB yearly, depending 
on rainfall variation (Sinarmas, unpublished data). Thus, a new appli-
cation strategy could be defined in which maximising carbon seques-
tration is the primary objective, while integrating EFB recycling into the 
palm’s fertilisation management would be a secondary agronomical 
objective. This would also be in line with the potential role for agri-
culture to contribute to climate change mitigation. To confirm this 
approach, a new study should be initiated to determine the optimal rate 
of EFB to be applied (i.e. the level of carbon sequestration to be tar-
geted), when also taking into account the amount of inorganic fertiliser 
required to supplement EFB to ensure optimum mineral nutrition of the 
palms to reach the targeted yield level. The costs and environmental 
impacts associated with the transport and application of EFB and inor-
ganic fertilisers will certainly represent a key parameter in such an 
approach. 

5. Conclusion 

This study showed that the long-term application of EFB can 
sequestrate considerable amounts of C per hectare, depending on the 
frequency and rate of application. However, the effect was found to be 
spatially variable and highest under the harvesting path. While the 
larger portion of this carbon was stored in the upper soil layer, increased 
carbon stocks were also observed in lower soil depths. Larger EFB 
application rates (90t) were not efficient in terms of carbon sequestra-
tion, but small and frequent rates (e.g. 30t or 60 t/year) best utilised the 
soil carbon sequestration potential of EFB applications. 

The results of this study highlight the necessity for a change of 

Fig. 5. Total SOCCOM (A) and POX-CCOM (B) under the harvesting path. Error bars represent standard errors.  

Fig. 6. Total SOC stocks (based on ESM) under the harvesting path with and 
without (control) EFB application under commercial conditions. Reference soil 
masses were 1200 (0–10 cm), 3000 (10–25 cm), 7000 (25–55) cm and 12000 
(55–100 cm) t ha− 1 respectively. The total stocks are not significantly different. 
Error bars represent standard errors. 
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paradigm in order to consider EFB recycling in new management per-
spectives, where the potential of carbon sequestration becomes an 
important variable for climate change mitigation. For that purpose, 
further dedicated experiments should be initiated to determine new 
models for the utilisation of EFB recycling in agronomic and environ-
mental balance, also under future climate change scenarios and in other 
geographical regions. 
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